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TITLE OF THE INVENTION 

METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE AND 
SEMICONDUCTOR DEVICE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is based upon and claims the benefit of 
priority from the prior Japanese Patent Application 
No. 2003-010133, filed January 17 th 2003, the entire contents 
of which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to a method of 
manufacturing a semiconductor device and the semiconductor 
device in which multilayer interconnections are formed using 
a dual damascene process. 

BACKGROUND OF THE INVENTION 

In recent years, techniques for reducing interconnect 
resistance and interline capacitance have been developed to 
achieve higher performance of semiconductor devices. As one 
of the techniques for reducing interconnect resistance, known 
is copper metallization using a damascene process. A so-called 
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dual damascene process, in which interconnections and via plugs 
are simultaneously formed, is particularly effective in 
reducing interconnect resistance. 

Since interconnections are formed in interlayer 
dielectrics, low- k interlayer dielectrics are used to reduce 
interconnect resistance. For example, a low-k interlayer 
dielectric with a relative dielectric constant of 2.5 or less 
has been desired. Specifically, a dual damascene process using 
a film of a porous material has been developed. 

A porous film has such characteristics that the 
properties thereof are changed through a dry etching process 
and that the etching rate thereof is higher than that of a 
non-porous film. Etching control on porous films is very 
difficult. When an interlayer dielectric consisting of a 
porous film is used in a dual damascene process, in a step of 
etching to form the shapes of interconnections, portions of the 
porous film located at the bottoms of the interconnections are 
particularly changed in properties. Unnecessary excessive 
etching of the porous film leads to difficulty in forming 
multilayer interconnections having desired properties. 

In 'Copper Dual Damascene Interconnects with Low-K (Keff 
< 3.0) Dielectrics Using FLARE and Or gano - S i 1 i c a t e Hard Mask' 
International Electron Devices Meeting (IEDM) 1999, pp. 623, 
described is a method in which an etching stopper film is 
provided between a porous film where via plugs are located and 
a porous film where interconnections are located. This etching 
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stopper film is a non-porous film which has a high etching 
selectivity ratio relative to the porous films. The etching 
stopper film facilitates the etching control on the porous films 
and prevents changes in properties of the porous films. The 
etching stopper film protects the porous film located at the 
bottoms of the interconnections from being etched more than 
needed. For the etching stopper film, SiCH film, SiCN film, 
or an organic film is used. 

Each of the above-mentioned films is similar, in 
composition, to a resist mask and a passivation film (protective 
film) formed on surfaces of interconnections (e.g., embedded 
interconnections) immediately below upper-layer 

interconnections of dual damascene structures. In steps of 
removing the resist mask and the passivation film at the bottoms 
of via holes, the etching stopper film is also etched. The 
porous film is exposed at the bottoms of the interconnections, 
and it becomes difficult to form via plugs to designed 
dimensions . 

The etching stopper film is made thick so that the etching 
stopper film is left at a sufficient thickness even after the 
steps of removing the respective members. SiCH film, SiCN film, 
or an organic film used for the etching stopper film has a higher 
dielectric constant than that of a porous film. The use of a 
thick etching stopper film will lead to an increase in interline 
capaci tance . 
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SUMMARY OF THE INVENTION 

A method of manufacturing semiconductor device according 
to an embodiment of the present invention comprises forming a 
lower-layer interconnection, forming a protective film on a 
surface of the lower-layer interconnection, forming a 
multilayer-structured film by stacking a first porous film, a 
first non-porous film, a second porous film, and a second 
non -porous film on a surface of t he pro t ec t i ve film in this order, 
forming a via hole in the first porous film and the first 
non-porous film, and forming an interconnect trench 
communicating with the via hole in the second porous film and 
the second non-porous film, by dry etching the 
multilayer-structured film using a resist mask, removing the 
resist mask, removing the protective film exposed at a bottom 
of the via hole after removing the resist mask, and forming an 
upper-layer interconnection of dual damascene structure by 
embedding an interconnect material in the via hole and the 
interconnect trench, the upper-layer interconnection being 
connected to the lower-layer interconnection, wherein for the 
first non-porous film, used is a multilayer film including at 
least two layers in which a first layer, which is located close 
to the first porous film, is made of a material that has a high 
etching selectivity ratio relative to the protective film, and 
a second layer, which is located closer to the second porous 
film than the first layer is, is made of a material that has 
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a high etching selectivity ratio relative to the resist mask 
and the second porous film. 

Further, method of manufacturing semiconductor device 
according to another embodiment of the present invention 
comprises forming a lower-layer interconnection, forming a 
protective film on a surface of the lower-layer interconnection, 
forming a mu 1 1 i 1 ay er - s t r u c t u r ed film by stacking a first porous 
film, a first non-porous film, a second porous film, and a second 
non-porous film on a surface of the protective film in this order, 
forming a via hole in the first porous film and the first 
non-porous film, and forming an interconnect trench 
communicating with the via hole in the second porous film and 
the second non-porous film, by dry etching the 
multilayer-structured film using a resist mask, removing the 
protective film. exposed at a bottom of the via hole, removing 
the resist mask after removing the protective film, and forming 
an upper-layer interconnection of dual damascene structure by 
embedding an interconnect material in the via hole and the 
interconnect trench, upper- layer interconnection being 
connected to the lower-layer interconnection, wherein for the 
first non-porous film, used is a multilayer film including at 
least two layers in which a first layer, which is located close 
to the first porous film, is made of a material that has a high 
etching selectivity ratio relative to the resist mask, and a 
second layer, which is loca ted closer to the second porous film 
than the first layer is, is made of a material that has a high 
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etching selectivity ratio relative to the protective film and 
the second porous film. 

Further, a semiconductor device according to another 
embodiment of the present invention comprises a lower-layer 
interconnection formed on a semiconductor substrate with an 
insulating film interposed therebetween, a protective film 
formed on a surface of the insulating film, including on the 
lower-layer interconnection, a mul t i 1 ay er - s t r uc t ur ed film 
formed by stacking at least a first porous film, a first 
non-porous film, and a second porous film on a surface of the 
protective film in this order, and an upper-layer 
interconnection of dual damascene structure formed in the 
protective film and the mu 1 1 i 1 ay e r - s t ru c t ur ed film, the 
upper-layer interconnection including a via plug part connected 
to the lower-layer interconnection with a boundary of the first 
non-porous film and an interconnect part connected to the via 
plug, wherein the first non-porous film is a multilayer film 
including at least two layers, the first non-porous film 
including any one of the layers is made of a material which has 
a high etching selectivity ratio relative to the protective film, 
a layer located close to the first porous film is made of a 
material which has a high etching selectivity ratio relative 
to a layer located close to the second porous film, and a layer 
located close to the second porous film is made of a material 
which has a high etching selectivity ratio relative to the 
second porous film. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1A to 1C are sectional views showing manufacturing 
steps of a semiconductor device according to a first embodiment 
of the present invention. 

Figs. 2D and 2E are sectional views showing manufacturing 
steps of the semiconductor device according to the first 
embodiment of the present invention. 

Figs. 3F and 3G are sectional views showing manufacturing 
steps of the semiconductor device according to the first 
embodiment of the present invention. 

Figs. 4H and 41 are sectional views showing manufacturing 
steps of the semiconductor device according to the first 
embodiment of the present invention. 

Fig. 5J is a sectional view showing a manufacturing step 
of the semiconductor device according to the first embodiment 
of the present invention. 

Figs. 6A and 6B are sectional view showing other steps 
of forming via holes and interconnect trenches according to the 
first embodiment of the present invention. 

Figs. 7A and 7B are sectional views showing manufacturing 
steps of a semiconductor device according to a second embodiment 
of the present invention. 

Figs. 8C and 8D are sectional views showing manufacturing 
steps of the semiconductor device according to the second 
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embodiment of the present invention. 

Figs. 9E and 9F are sectional views showing manufacturing 
steps of the semiconductor device according to the second 
embodiment of the present invention. 

Fig. 10G is a sectional view showing a manufacturing step 
of the semiconductor device according to the second embodiment 
of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

(First Embodiment) 

Hereinafter, a description will be given of a method of 
manufacturing a semiconductor device and the semiconductor 
device according to a first embodiment of the present invention 
with reference to Figs. 1A to 6B. 
(First Step) 

Embedded interconnections (lower -layer 

interconnections) are formed in an insulating film on a 
semiconductor substrate so that surfaces of the 
interconnections are partially exposed. 

As shown in Fig. 1A, an insulating film 2 made of, e.g., 
Si0 2 is formed on a semiconductor substrate 1, and trenches for 
the embedded interconnections are formed. A TiN film 3, which 
is an electrically conductive barrier film, is formed on a 
surface of insulating film 2. Embedded copper 

interconnections (lower-layer connections) 4, which are 
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wrapped in TiN film 3, are formed. Surfaces of these embedded 
copper interconnections 4 are exposed. 

The embedded interconnections are, for example, formed 
as follows: interconnect trenches are formed in an insulating 
film; interconnect material is embedded in these interconnect 
trenches; and excessive part of the interconnect material is 
removed by a chemical mechanical polishing (CMP) process. 

For insula ting film 2 , for example, a borophosphos il ica te 
glass (BPSG) film, a phosphosilicate glass (PSG) film, SiOF, 
organic spin - on - glass , polyimide, a porous film (film of a 
porous material), or the like may be used. 

For the interconnect material of the embedded 
interconnections, for example, a Cu alloy such as Cu-Si alloy, 
Cu-Al alloy, Cu-Si-Al alloy or Cu-Ag alloy, or Al or an Al alloy 
suchas Al-Si alloy, Al-Cu alloy or Al-Si-Cu alloy, maybeused. 
When Cu or Cu alloy is used for the interconnect material, it 
is preferable to form the embedded interconnections in the 
insulating film so that each embedded interconnection is 
wrapped in the electrically conductive barrier film. For the 
electrically conductive barrier film, for example, Ta film, TaN 
film, Ti film, or the like may be used. 
(Second Step) 

As shown in Fig. IB, a 50 nm thick SiCN film (protective 
film) 5 is formed on a surface of insulating film 2 including 
embedded copper interconnections 4 with the planarized surfaces. 
A 100 nm thick porous organic siloxane film (first porous film) 



9 



APG36565 



6 is formed on a surface of protective film 5. 

As shown in Fig. 1C, a first non-porous film 7 is formed 
on a surface of first porous film 6. First non-porous film 7 
is a multilayer film including a first layer (lower layer) 8 
made of a material which has a high etching selectivity ratio 
relative to protective film 5, and a second layer (upper layer) 
9 made of a material which has a high etching selectivity ratio 
relative to resist masks and a second porous film, which are 
described later. First layer 8 is made of, for example, a 
polyarylene ether film formed to a thickness of 30nm on the 
surface of first porous film 6. Second layer 9 is made of, for 
example, a SiCH film stacked to a thickness of 10 nm on first 
layer 8. First non-porous film 7 has a total thickness of 40nm. 

As shown in Fig. 2D, a 100 nm thick porous organic siloxane 
film (second porous film) 10 is formed on a surface of second 
layer 9 of first non-porous film 7. 

As shown in Fig. 2E, a 200 nm thick organic siloxane film 
(second non-porous film) 11 is formed on a surface of second 
porous film 10. 

As described above, a multilayer-structured film is 
formed on the surface of protective film 5 by stacking first 
porous film 6, first non-porous film 7, second porous film 10, 
and second non-porous film 11. 

When the first porous film is etched, the protective film 
shields the embedded interconnections immediately below the 
protective film from an etching atmosphere, as described later. 
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The protective film prevents the surfaces of the embedded 
interconnections from being roughened, thereby achieving good 
electrical connectivity between the embedded interconnections 
and via plugs. The protective film acts as an etching stopper 
when the first porous film immediately above the protective film 
is etched, as described later. 

The protective film is made of a material which has a high 
etching selectivity ratio relative to the first porous film. 
For example, the protective film may be formed of a film with 
one layer or two layers selected from a group consisting of SiCH, 
SiCO and SiN. 

Each of the first and second porous films preferably has 
such a low relative dielectric constant of 2.5 or less. For 
example, porous organic siloxane film such as porous 
methylsiloxane film, porous inorganic siloxane film, or porous 
polyarylene ether film is used. 

The first non-porous film is a multilayer film including 
at least two layers. The first non-porous film may be 
constituted of a multilayer film including three or more layers. 
The first layer is located at a first porous film side (lower 
layer side) . This first layer is made of a material which has 
a high etching selectivity ratio relative to the protective film. 
The second layer is located at a second porous film side (upper 
layer side) . This second layer is made of a material which has 
a high etching selectivity ratio relative to the second porous 
film and the resist masks used when the mul t i 1 ay er - s t rue t u r ed 
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film is etched . 

For the first layer, for example, polyarylene ether film 
is used. This polyarylene ether film has a relative dielectric 
constant of about 4.0, which is lower than that of a non-porous 
film such as a nitride film, and can reduce interline 
capacitance. 

For the second layer, for example, SiCN film, SiCO film, 
SiN film, organic siloxane film, or inorganic siloxane film may 
be us ed . 

The total thickness of the multilayer film is preferably 
set to 20 to 50 nm to reduce the interline capacitance. 

The second non -porous film protects the underlying second 
porous film. Specifically, the second non-porous film 
protects the second porous film in undermentioned steps of dry 
etching to remove resist masks, and in an undermentioned step 
of chemical mechanical polishing (CMP) to remove excessive part 
of interconnect material. For this second non-porous film, for 
example, organic siloxane film or inorganic siloxane film is 
used . 

(Third Step) 

By dry etching processes using resist masks, via holes 
are formed in the first porous film and the first non-porous 
film, and trenches communicating with the via holes are formed 
in the second porous film and the second non-porous film. 

Specifically, the via holes and the interconnect trenches 
are formed by any one of two methods, which are described below. 
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(1) In a first method, a resist mask in which portions to be 
the via holes are opened, is formed on a surface of the 
multilayer-structured film. Exposed portions of the 

multilayer-structured film out from the resist mask are 
selectively etched and removed by a first dry etching process, 
thus opening holes in via hole shapes with the bottoms reaching 
the protective film. The resist mask is then removed. 

A resist mask in which portions to be the interconnect 
trenches are opened, is formed on the surface of the 
multilayer- structured film. Exposed portions of the 

multilayer-structured film out from the resist mask are 
selectively etched and removed by a second dry etching process. 
The first non-porous film functions as an etching stopper for 
the first porous film, and the first porous film is not etched. 
Only the second non-porous film and the second porous film are 
selectively etched and removed to form the shapes of the 
interconnect trenches. 

Through these two dry etching processes, the via holes 
are formed in the first porous film and the first non-porous 
film, and the interconnect trenches communicating with the via 
holes are formed in the second porous film and the second 
non-porous film. 

A detailed description thereof will be given with 
reference to the drawings. 

A resist mask 12 is formed on the surface of second 
non-porous film 11 of the multilayer-structured film shown in 
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Fig. 2E. Portions to be the via holes in resist mask 12 are 
opened by using a photoetching technique. Exposed portions of 
the multilayer- structured film out from resist mask 12 are 
selectively etched and removed by a dry etching process. 

As shown in Fig. 3F, via - hoi e - shaped holes 13 are opened. 
The bottoms of vi a * ho 1 e - shap ed holes 13 reach protective film 
5. In this dry etching process, a fluorocarbon etching gas is 
used when first and second non-porous films 7 and 11 and first 
and second porous films 6 and 10 are etched. 

Etching conditions are changed between when etching first 
and second porous films 6 and 10 and when etching first and second 
non-porous films 7 and 11. 

For example, the etching conditions for the first 
non-porous film are changed from those for the first and second 
porous films (porous organic siloxane films) in etching gas, 
gas flow rate, RF power, and chamber pressure. When etching 
second layer 9 (SiCH) of the first non-porous film, a different 
kind of fluorocarbon gas from that used when etching first and 
second porous films 6 and 10, is used. When etching first layer 
8 (polyarylene) of the first non-porous film, a gas such as 0 2 , 
H 2 0, or N 2 /H 2 may be used as well as a NH 3 gas. 

For example, the etching conditions for second non-porous 
film 11 (organic siloxane) are changed in gas flow rate, RF power, 
and chamber pressure. 

Resist mask 12 is removed by a dry etching process using 
oxygen plasma. During this dry etching process, second 
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non-porous film 11 can protect the surface of second porous film 
10. 

A resist mask 14 is formed on the surface of second 
non-porous film 11 of the mu 1 t i 1 ayer - s t ru c tur ed film. 
Portions to be the interconnect trenches in resist mask 14 are 
opened by a photoetching technique. Exposed portions of the 
multilayer-structured film out from resist mask 14 are 
selectively etched and removed by a dry etching process . Second 
layer 9 of the upper layer of first non-porous film 7 is made 
of SiCH. SiCH has a high etching selectivity ratio relative 
to resist mask 14 and second porous film 10. 

During the second etching process, second layer 9 
functions as an etching stopper for first porous film 6 
therebelow. First porous film 6 is not exposed to an etching 
gas and therefore not changed in properties and not etched. 
Second non-porous film 11 and second porous film 10 are 
selectively etched and removed to form the shapes of the 
interconnect trenches. 

Through the above steps, as shown in Fig. 3G, via holes 
15 are formed in first porous film 6 and first non-porous film 
7, and interconnect trenches 16 communicating with these via 
holes 15 are formed in second porous film 10 and second 
non-porous film 11. 

In the dry etching process, when etching second 
non-porous film 11 and second porous film 10, a fluorocarbon 
etching gas is used. The etching conditions may or may not be 
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changed between when etching second non-porous film 11 and when 

etching second porous film 10. 

During the formation of via holes 15 and interconnect 

trenches 16 through the two dry etching processes, the surfaces 
of embedded interconnections 4 in insulating film 2 are covered 
with protective film 5. This can prevent the surfaces of 
embedded interconnections 4 from being exposed to the etching 
gases used in the dry etching processes and thus from being 
roughened . 

During the two dry etching processes, the surface of 
second porous film 10 is covered with second non-porous film 
11. This can prevent second porous film 10 from being changed 
in properties and etched by the etching gases used in those 
processes . 

(2) In the first method, after the via - hoi e - shaped holes were 
opened by the dry etching process, the interconnect trenches 
were formed by the dry etching process. The via holes may be 
opened after the interconnect trenches are formed, as described 
below. 

In a second method, a resist mask in which portions to 
be the interconnect trenches are opened, is formed on the 
surface of the multilayer-structured film. Exposed portions 
of the multilayer- structured film out from the resist mask are 
selectively etched and removed by a first dry etching process. 
The first non-porous film functions as an etching stopper for 
the first porous film, and the first porous film is not etched. 
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Only the second non-porous film and the second porous film are 
selectively etched and removed to form the shapes of the 
interconnect trenches. The resist mask is then removed. 

A resist mask in which portions to be the via holes are 
opened, is formed on the surface of the mul ti layer - s true tured 
film including the interconnect trenches. Exposed portions of 
the first non-porous film and of the first porous film out from 
the resist mask are selectively etched and removed by a second 
dry etching process. Thus, the via holes the bottoms of which 
reach the protective film are opened. 

A detailed description thereof will be given with 
reference to the drawings. 

As shown in Fig. 6A, a resist mask 21 is formed on the 
surface of second non-porous film 11 of the 
multilayer - structured film. In resist mask 21, portions to be 
the interconnect trenches are opened by a photoetching 
technique. Exposed portions of the multilayer- structured film 
out from resist mask 21 are selectively etched and removed by 
a dry etching process. Second layer 9 of first non-porous film 
7 is made of SiCH. SiCH has a high etching selectivity ratio 
relative to resist mask 21 and second porous film 10. 

During the etching process, second layer 9 functions as 
an etching stopper for first porous film 6 therebelow. First 
porous film 6 is not exposed to an etching gas and therefore 
not changed in properties and not etched. Only second 
non-porous film 11 and second porous film 10 are selectively 
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etched and removed, and interconnect trenches 16 are thus 
formed . 

In the dry etching process, when etching second 
non-porous film 11 and second porous film 10, a fluorocarbon 
etching gas is used. The etching conditions are changed between 
when etching second non-porous film 11 and when etching second 
porous film 10, 

Resist mask 21 is removed by a dry etching process using 
oxygen plasma. During the dry etching process, second layer 
9 of first non-porous film 7 functions as an etching stopper. 
Second non-porous film 11 can protect the surface of second 
porous film 10. 

A resist mask 22 is formed on the surface of second 
non-porous film 11 of the multilayer-structured film including 
interconnect trenches 16. In resist mask 22, portions to be 
the via holes are opened by a photoetching technique. Exposed 
portions of first non-porous film 7 and of first porous film 
6 out from resist mask 22 are selectively etched by a dry etching 
process . 

As shown in Fig. 6B, via holes 15 are formed in first porous 
film 6 and first non-porous film 7, and via holes 15 communicate 
with interconnect trenches 16. 

In the dry etching process, when etching first non-porous 
film 7 and first porous film 6, a fluorocarbon etching gas is 
used. The etching conditions are changed between when etching 
first non-porous film 7 and when etching first porous film 6. 
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For example, the etching conditions for first porous film 
6 are changed in etching gas, gas flow rate, RF power, and chamber 
pressure from those for first non-porous film 7. When etching 
second layer 9 (SiCH) of first non-porous film 7, a different 
kind of fluorocarbon gas from that used when etching first 
porous film 6, is used. When etching first layer 8 
(polyarylene) of first non-porous film 7, a gas such as 0 2 , H 2 0, 
or N 2 /H 2 may be used as well as a NH 3 gas. 

Through these two dry etching processes, similarly to the 
first method, the via holes are formed in the first porous film 
and the first non-porous film, and the interconnect trenches 
communicating with the via holes are formed in the second porous 
film and the second non-porous film. 

During the formation of the via holes and the interconnect 
trenches through the two dry etching processes, the surfaces 
of the embedded interconnections in the insulating film are 
covered with the protective film. This prevents the surfaces 
of the embedded interconnections from being exposed to the 
etching gases used in the dry etching processes and thus from 
being roughened . 

During the two dry etching processes, the surface of the 
second porous film is covered with the second non-porous film. 
This can prevent the second porous film from being changed in 
properties and etched by the etching gases used in those dry 
etching processes. 
(Fourth Step) 
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Resist mask 14 (or 22) is removed by a dry etching process 
using oxygen plasma. Second layer 9 of the upper layer of first 
non-porous film 7 functions as an etching stopper while resist 
mask 14 (or 22) is removed. As shown in Fig. 4H, resist mask 
14 (or 22) can be removed without first porous film 6 being 
exposed to an etching gas to be changed in properties and to 
be etched. 

During the removal of resist mask 14 (or 22) , the surfaces 
of embedded interconnections 4 in insulating film 2 are covered 
with protective film 5. This prevents the surfaces of embedded 
interconnections 4 from being exposed to an atmosphere of the 
etching gas (e.g., oxygen containing gas) of the dry etching 
process. The surfaces of embedded interconnections 4 can be 
prevented from being roughened. 
(Fifth Step) 

As shown in Fig. 41, protective film 5 exposed at the 
bottoms of via holes 15 is removed by a dry etching process. 
Windows 17 are opened for allowing the bottoms of via holes 15 
to communicate with embedded interconnections 4. 

A fluorocarbon gas is used for an etching gas. First 
layer 8 of first non-porous film 7 has a high etching selectivity 
ratio relative to protective film 5. When removing 

protective film 5, second layer 9 exposed at the bottoms of 
interconnect trenches 16 is etched, while first layer 8 
functions as an etching stopper. Protective film 5 is 
selectively removed without first porous film 6 being changed 
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in properties and etched. 

During the dry etching processes in the fourth and fifth 
steps, the surface of second porous film 10 is covered with 
second non-porous film 11. This can prevent the surface of 
second porous film 10 from being changed in properties and 
etched by the etching gases used in those dry etching processes. 
(Sixth Step) 

As shown in Fig. 5J, a TiN film, which is an electrically 
conductive barrier film, is formed on inner faces of via holes 
15 and interconnect trenches 16. Cu (interconnect material) 
is embedded by sputtering and plating methods. Excessive part 
of the Cu, and the TiN film on the surface of second non-porous 
film 11 are removed by a chemical mechanical polishing process. 
Thus, upper-layer interconnections of dual damascene 
structures are formed in protective film 5 and the 
multilayer -structured film, and a semiconductor device is 
manufactured . 

Each upper-layer interconnection of the dual damascene 
structure includes a via plug part 18, an interconnect part 19, 
and TiN film 20. Via plug parts 18 are connected to embedded 
interconnections (lower-layer interconnections) 4. Via plug 
parts 18 are formed in protective film 5 and first porous film 
6 with a boundary of first non-porous film 7. Interconnect 
parts 19 are connected to via plug parts 18. Interconnect parts 
19 are formed in second porous film 10 and second non-porous 
film 11 with the boundary of first non-porous film 7. TiN films 
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20 wrap via plug parts 18 and interconnect parts 19. 

During the formation of the upper-layer interconnections, 
the surface of second porous film 10 is covered with second 
non-porous film 11. The surface of second porous film 10 is 
not directly chemical - mechanical polished and thus can be 
prevented from being changed in properties and from being 
roughened. In the chemical mechanical polishing process, in 
order to reduce the interline capacitance, the process may be 
continued until second non-porous film 11 of the 
mu 1 ti layer - s true tured film is removed. 

For the interconnect material, for example, a Cu alloy 
such as Cu-Si alloy, Cu-Al alloy, Cu-Si-Al alloy or Cu-Ag alloy, 
or Al, or an Al alloy such as Al-Si alloy, Al-Cu alloy or Al-Si-Cu 
alloy, may be used. When Cu or a Cu alloy is used for the 
interconnect material, it is preferable to form the upper-layer 
interconnections in the via holes and the interconnect trenches 
so that each upper-layer interconnection is wrapped in the 
electrically conductive barrier film. For the electrically 
conductive barrier film, for example, Ta film, TaN film, Ti film, 
or the like may be used as well as TiN film. 

According to the first embodiment described above, the 
following operations and effects are. achieved. 

The upper-layer interconnections of dual damascene 
structures are formed in an interlayer insulating films 
including first and second porous films 6 and 10, which are 
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fragile and easy to be changed in properties. The dual 
damascene structures according to the first embodiment are 
highly reliable. It is possible to manufacture a semiconductor 
device in which interline capacitance, which is attributable 
to first non-porous film 7 functioning as an etching stopper, 
is reduced. Specifically/ there are following operations and 
effects . 

1) In the dry etching process to form the interconnect 
trenches, it is possible to use the second layer of the first 
non-porous film as an etching stopper for the first porous film. 
When the interconnect trenches are selectively formed by dry 
etching the second non-porous film and the second porous film, 
a change in properties of the first porous film, and unnecessary 
excessive etching can be avoided. 

The first and second porous films are used as interlayer 
insulating films. The resist masks are used to form the via 
holes and the interconnect trenches in these interlayer 
insulating films. In the dry etching processes to remove these 
resist masks, it is possible to use the second. layer of the first 
non-porous film as an etching stopper for the first porous film 
at the bottoms of the interconnect trenches. In the dry etching 
process to remove the protective film exposed at the bottoms 
of the via holes, it is possible to use the first layer of the 
first non-porous film as an etching stopper for the first porous 
film at the bottoms of the interconnect trenches. In these dry 
etching processes, the first porous film can be prevented from 



23 



APG36565 



being exposed to etching gases. A change in properties of the 
first porous film, and unnecessary excessive etching can be 
avoided . 

In the dry etching processes to remove the resist masks 
and the protective film exposed at the bottoms of the via holes, 
the surface of the second porous film is covered with the second 
non-porous film. This can prevent the surface of the second 
porous film from being changed in properties and etched by the 
etching gases used in those dry etching processes. 

The interconnect material is embedded in the via holes 
and the interconnect trenches. Excessive part of the 
interconnect material is removed by the chemical mechanical 
polishing process. In these steps, by covering the surface of 
the second porous film with the second non-porous film, it is 
possible to prevent the surface of the second porous film from 
being directly chemical - mechanical polished. It becomes 
possible to prevent the surface from being changed in properties 
and from being roughened. 

It is possible to manufacture a semiconductor device in 
which highly reliable multilayer interconnections of dual 
damascene structures are formed in the interlayer insulating 
films including the first and second porous films, which are 
fragile and easy to be changed in properties. 

2 ) In general, a non-porous film causes interline 
capacitance to increase because it has a higher dielectric 
constant than that of a porous film. The first non-porous film 
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is constituted as least of the first and second layers each of 
which is made of a material having the etching selectivity ratio 
as described above. Accordingly, even if the thickness of the 
first non-porous film is less than the thickness of each resist 
mask or of the protective film, the first porous film located 
at the bottoms of the interconnect trenches is not exposed. It 
is therefore possible to form desired upper-layer 
interconnections of dual damascene structures. The total 
thickness of the first non-porous film made of a multilayer film 
including at least the first and second layers, can be reduced 
in comparison with the case where a s ingl e - 1 ay.er ed non-porous 
film is used as an etching stopper. It is therefore possible 
to manufacture a semiconductor device in which interline 
capacitance is effectively reduced. It becomes possible to 
further reduce the interline capacitance by forming the first 
layer of the first non- porous film from low-k polyarylene ether, 
which has a relative dielectric constant of about 4.0. 
3) In the dry etching processes to form the via holes and 
the interconnect trenches, the surfaces of the embedded 
interconnections in the insulating film are covered with the 
protective film. This can prevent the surfaces of the embedded 
interconnections from being exposed to the etching gases, and 
thus from being roughened. 

When the resist masks are removed by the dry etching 
processes, the surfaces of the embedded interconnections in the 
insulating films are covered with the protective film. This 
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can prevent the surfaces of the embedded interconnections from 
being exposed to the etching gases, and thus from being 
roughened . 

It is possible to manufacture a semiconductor device in 
which the via plugs of the upper-layer interconnections are 
electrically connected to the embedded interconnections 
(lower-layer interconnections) in good manner. 

(Second Embodiment) 

Hereinafter, a description will be given of a method of 
manufacturing a semiconductor device and a semiconductor device 
according to a second embodiment of the present invention with 
reference to Figs. 7A to 10G. 
(First Step) 

An insulating film 32 made of, e.g., Si0 2 is formed on 
a semiconductor substrate 31, and trenches for the embedded 
interconnections are formed. A TiN film 33, which is an 
electrically conductive barrier film, is formed on a surface 
of insulating film 32. Embedded copper interconnections 
(lower-layer interconnections) 34 wrapped in TiN film 33 are 
formed. Surfaces of these embedded copper interconnections 34 
are partially exposed. The embedded interconnections are 
formed by removing excessive part of interconnect material 
through a chemical mechanical polishing (CMP) process. 

For materials of the insulating film and of the embedded 
interconnections, similar materials to those described in the 
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first embodiment are used. When Cu or Cu alloy is used as the 
interconnect material, it is preferable to form the embedded 
interconnections in the insulating film so that each embedded 
interconnection is wrapped in the electrically conductive 
barrier film. For the electrically conductive barrier film, 
for example, Ta film, TaN film, or Ti film may be used. 
(Second Step) 

As shown in Fig. 7A, a 50 nm thick SiCN film (protective 
film) 35 is formed on the surface of insulating film 3 2 including 
embedded copper interconnections 34 with the planarized 
surfaces. A 100 nm thick porous organic siloxane film (first 
porous film) 36 is formed on a surface of protective film 35. 

A first non-porous film 37 is formed on a surface of first 
porous film 36. First non-porous film 37 is a multilayer film 
including a first layer (lower layer) 38 made of a material which 
has a high etching selectivity ratio relative to resist masks, 
and a second layer (upper layer) 39 made of a material which 
has a high etching selectivity ratio relative to protective film 
35 and to an undermentioned second porous film. First layer 
38 is, for example, made of SiCH and formed to a thickness of 
10 nm on the surface of first porous film 36. Second layer 39 
is, for example, made of polyarylene ether and stacked to a 
thickness of 30 nm on first layer 38. First non-porous film 
37 has a total thickness of 40 nm . 

As shown in Fig. 7B, a 100 nm thick porous organic siloxane 
film (second porous film) 40 is formed on a surface of second 
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layer 39 of first non-porous film 37. 

A 200 nm thick organic siloxane film (second non-porous 
film) 41 is formed on a surface of second porous film 40. 

As described above, a multilayer- structured film is 
formed on the surface of protective film 35 by stacking first 
porous film 36, first non-porous film 37, second porous film 
40, and second non-porous film 41. 

The protective film and the first and second porous films 
are made of similar materials to those described in the first 
embodiment. The protective film acts similarly to that 
described in the first embodiment. 

The first non-porous film is a multilayer film including 
at least two layers. The first non-porous film may be 
constituted of a multilayer film including three or more layers. 
The first layer is located at a first porous film side. This 
first layer is made of a material which has a high etching 
selectivity ratio relative to the resist masks to be described 
later. The second layer is located at a second porous film side. 
This second layer is made of a material which has a high etching 
selectivity ratio relative to the protective film and to the 
second porous film. 

For the first layer, for example, SiCH film, SiCN film, 
SiCO film, SiN film, organic siloxane film, or inorganic 
siloxane film is used. 

For the second layer, for example, polyarylene ether film 
is used. This polyarylene film has a relative dielectric 
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constant of about 4.0, which is lower than that of a non-porous 
film such as a nitride film, and can reduce interline 
capacitance. If a porous polyarylene ether film is selected 
as the second porous film located immediately above the second 
layer, it becomes difficult to ensure a sufficient etching 
selectivity ratio between the second layer and the second porous 
film. In this embodiment, for the second porous film, a porous 
organic siloxane film or a porous inorganic siloxane film, other 
than the porous polyarylene ether film, is selected. For 
example, a porous me thy 1 s i loxane film or the like may be 
selected. 

It is preferable to set the total thickness of the 
multilayer film to 20 to 50 nm to reduce interline capacitance. 

The second non-porous film is made of a similar material 
to that described in the first embodiment. 
(Third Step) 

By dry etching processes using resist masks, via holes 
are formed in the first porous film and the first non-porous 
film, and interconnect trenches communicating with the via 
holes are formed in the second porous film and the second 
non-porous film. 

Specifically, the via holes and the interconnect trenches 
are formed by the first method of the two methods described in 
the third step of the first embodiment. This is because, if 
using the second method described in the first embodiment, the 
second layer of the first non-porous film may be exposed to an 
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etching gas and etched when removing the resist mask used in 

the formation of the interconnect trenches. 

In this method, the first non-porous film functions as 

an etching stopper for the first porous film, and the first 

porous film is not etched. Only the second porous film is 

selectively etched and removed to form the shapes of the 

interconnect trenches. 

As shown in Fig. 8C, a resist mask 42 is formed on a surface 

of second non-porous film 41 of the multilayer - structured film. 

In the resist mask 42, portions to be the via holes are opened 

by a photoetching technique. Exposed portions of the 
mul ti 1 ayer - s t rue tured film out from resist mask 42 are 

selectively etched and removed by a dry etching process. 

Holes 43 in via hole shapes with the bottoms reaching 
protective film 35 are opened. In this dry etching process, 
when etching first and second non-porous films 37 and 41, and 
first and second porous films 36 and 40, a fluorocarbon etching 
gas is used. Etching conditions are changed between when 
etching first and second non-porous films 37 and 41 and when 
etching first and second porous films 36 and 40. 

For example, the etching conditions for the first 
non-porous film are changed from those for the first and second 
porous films (porous organic siloxane films) in etching gas, 
gas flow rate, RF power, and chamber pressure. 

For example, the etching conditions for second non-porous 
film 11 (organic siloxane) are changed in gas flow rate, RF power, 
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and chamber pressure. 

Resist mask 42 is removed by a dry etching process using 
oxygen plasma. During this dry etching process, second 
non-porous film 41 can protect the surface of second porous film 
40 . 

A resist mask 44 is formed on the surface of second 
non-porous film 41 of the mu 1 t i 1 ay e r - s t r uc t u r ed film. In 
resist mask 44, portions to be the interconnect trenches are 
opened. by a photoetching technique. Exposed portions of the 
mul ti layer - s true tured film out from resist mask 44 are 
selectively etched and removed by a dry etching process . Second 
layer 39 of the upper layer of first non-porous film 37 is made 
of polyarylene ether. Polyarylene ether has a high etching 
selectivity ratio relative to protective film 35 and second 
porous film 40. During the dry etching process, second layer 
39 functions as an etching stopper for first porous film 36. 
First porous film 36 is not exposed to an etching gas and 
therefore not changed in properties and not etched. Second 
non-porous film 41 and second porous film 40 are selectively 
etched and removed to form the shapes of the interconnect 
trenches . 

Through the above steps, as shown in Fig. 8D, via holes 
45 are formed in first porous film 36 and first non-porous film 
37, and interconnect trenches 46 communicating with these via 
holes 45 are formed in second porous film 40 and second 
non-porous film 41. 
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In the dry etching process, when etching second 
non-porous film 41 and second porous film 40, a fluorocarbon 
etching gas is used. The etching conditions may or may not be 
changed between when etching second non-porous film 41 and when 
etching second porous film 40. 

During the formation of via holes 45 and interconnect 
trenches 46 through the two dry etching processes, the surfaces 
of embedded interconnections 34 in insulating film 32 are 
covered with protective film 35. This can prevent the surfaces 
of embedded interconnections 34 from being exposed to the 
etching gases used in the dry etching processes, and thus from 
being roughened. 

During the two dry etching processes, the surface of 
second porous film 40 is covered with second non-porous film 
41. This can prevent second porous film 40 from being changed 
in properties and etched by the etching gases used in those 
processes . 
(Fourth Step) 

As shown in Fig. 9E, in a state where resist mask 44 remains, 
a dry etching process is performed using a fluorocarbon etching 
gas. Protective film 35 exposed at the bottoms of via holes 
45 is removed by the dry etching process. Windows 47 for 
allowing the bottoms of via holes 45 to communicate with 
embedded interconnections 34, are opened. 

Second layer 39 is made of a material which has a high 
etching selectivity ratio relative to protective film 35. 
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Therefore, when removing protective film 35, second layer 39 
functions as an etching stopper. Protective film 35 is 
selectively removed without first porous film 36, positioned 
under first non-porous film 37 including second layer 39, being 
changed in properties and etched. 
(Fifth Step) 

As shown in Fig. 9F, resist mask 44 is removed by a dry 
etching process using an etching gas containing 100 vol% ammonia. 
First layer 38 of first non-porous film 37 exposed at the bottoms 
of interconnect trenches 46, is made of SiCH which has a high 
etching selectivity ratio relative to resist mask 44. When 
removing resist mask 44, although second layer 39 exposed at 
the bottoms of interconnect trenches 46 is etched, first layer 
38 functions as an etching stopper. 

Resist mask 44 can be removed without first porous film 
36, positioned under first non-porous film 3 7 including first 
layer 38, being exposed to the etching gas to be changed in 
properties and to be etched. 

In the dry etching process in the step of removing the 
resist mask, it is preferable to use an etching gas selected 
from a group consisting of nitrogen, hydrogen, ammonia, and a 
combination thereof. By such a dry etching process, it is 
possible to prevent the surfaces of the embedded 
interconnections from being roughened in the step of removing 
the resist mask. 

In the step of removing the resist mask, the protective 
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film exposed at the bottoms of the via holes has already been 
removed. The surfaces of the embedded interconnections are 
exposed. The surfaces of the embedded interconnections may be 
exposed to an atmosphere of the etching gas and may be roughened. 
The resist mask is removed by the dry etching process using an 
etching gas of nitrogen, hydrogen, ammonia, or a combination 
thereof. Thus, it is possible to prevent the surfaces of 
embedded interconnections 34, which are exposed out from 
windows 47 opened in the fourth step, from being roughened. 

During the dry etching processes in the fourth and fifth 
steps, the surface of second porous film 40 is covered with 
second non-porous film 41. This can prevent the surface of 
second porous film 40 from being changed in properties and 
etched by the etching gases used in those dry etching processes. 
(Sixth Step) 

As shown in Fig. 10G, a TiN film, which is an electrically 
conductive barrier film, is formed on inner surfaces of via 
holes 45 and interconnect trenches 46. Cu (interconnect 
material) is embedded by sputtering and plating methods. 
Excessive part of the Cu, and the TiN film on the surface of 
second non-porous film 41 are removed by a chemical mechanical 
polishing process. Upper-layer interconnections of dual 
damascene structures are formed in protective film 35 and the 
multilayer- structured film, thus manufacturing a 

semiconductor device. 

Each upper-layer interconnection of the dual damascene 
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structure includes a via plug part 48, an interconnect part 49, 
and TiN film 50. Via plug parts 48 are connected to embedded 
interconnections 34 . Via plug parts 48 are formed in protective 
film 35 and first porous film 36 with a boundary of first 
non-porous film 37. Interconnect parts 49 are connected to via 
plug parts 48. Interconnect parts 49 are formed in second 
porous film 40 and second non-porous film 41 with the boundary 
of first non-porous film 37. TiN films 50 wrap via plug parts 
48 and interconnect parts 49. 

During the formation of the multilayer interconnections, 
the surface of second porous film 40 is covered with second 
non-porous film 41. The surface of second porous film 40 is 
not directly chemical -mechanical polished. Therefore, the 
surface of second porous film 40 can be prevented from being 
changed in properties and from being roughened. The chemical 
mechanical polishing process may be continued until second 
non-porous film 41 of the mul t i 1 ay er - s t r uc t u r ed film is 
removed . 

For the interconnect material, a similar material to that 
described in the first embodiment is used. When Cu or Cu alloy 
is used as the interconnect material, it is preferable to form 
the upper-layer interconnections in the via holes and the 
interconnect trenches so that each upper-layer interconnection 
is wrapped in the electrically conductive barrier film. For 
the electrically conductive barrier film, for example, Ta film, 
TaN film, Ti film, or the like may be used. 
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According to the second embodiment, the following 
operations and effects are achieved. 

The upper-layer interconnections of dual damascene 
structures are formed in the interlayer insulating films 
including first and second porous films 36 and 40, which are 
fragile and easy to be changed in properties. The dual 
damascene structures according to the second embodiment are 
highly reliable. It is possible to manufacture a semiconductor 
device in which interline capacitance, which is attributable 
to first non-porous film 37 functioning as an etching stopper, 
is reduced. Specifically, there are following operations and 
effects . 

1) In the dry etching process to form the interconnect 
trenches, it is possible to use the second layer of the first 
non-porous film as an etching stopper for the first porous film. 
When the interconnect trenches are selectively formed by dry 
etching the second non-porous film and the second porous film, 
a change in properties of the first porous film, and unnecessary 
excessive etching can be avoided. 

The first and second porous films are used as interlayer 
insulating films. After the via holes and the interconnect 
trenches are formed in these interlayer insulating films, the 
protective film is exposed at the bottoms of the via holes. In 
the dry etching process to remove this protective film, it is 
possible to use the second layer of the first non-porous film 
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as an etching stopper for the first porous film at the bottom's 
of the interconnect trenches. In the dry etching process to 
remove the resist mask, it is possible to use the first layer 
of the first non-porous film as an etching stopper. for the first 
porous film at the bottoms of the interconnect trenches. In 
the two dry etching processes, the first porous film can be 
prevented from being exposed to the etching gases. A change 
in properties of the first porous film located at the bottoms 
of the interconnect trenches, and unnecessary excessive etching 
can be avoided. 

Similarly to the first embodiment, in the dry etching 
processes to remove the resist masks and the protective film 
exposed at the bottoms of the via holes, and in the 
chemical - mechanical polishing process of excessive part of the 
interconnect material to form the upper-layer interconnections 
of dual damascene structures, the surface of the second porous 
film can be prevented from being changed in properties, from 
being etched, and from being roughened. 

It is possible to manufacture a semiconductor device in 
which highly reliable multilayer interconnections of dual 
damascene structures are formed in the interlayer insulating 
films including the first and second porous films, which are 
fragile and easy to be changed in properties. 

2) Similarly to the first embodiment, it is possible to 

manufacture a semiconductor device in which interline 
capacitance is effectively reduced. It becomes possible to 
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further reduce the interline capacitance by forming the second 
layer of the first non-porous film with low-k polyarylene ether, 
which has a relative dielectric constant of about 4.0. 
3) During the dry etching processes to form the via holes 
and the interconnect trenches, the surfaces of the embedded 
interconnections in the insulating film are covered with the 
protective film. This can prevent the surfaces of the embedded 
interconnections from being exposed to the etching gases, and 
thus from being roughened. 

In the step of removing the resist mask in the state where 
the protective film exposed at the bottoms of the via holes has 
already been removed and the surfaces of the embedded 
interconnections are exposed, it is possible to prevent the 
surfaces of the embedded interconnections from being roughened 
by using an etching gas of nitrogen, hydrogen, ammonia, or a 
combination thereof in the dry etching process. 

It is possible to manufacture a semiconductor device in 
which the via plugs of the upper-layer interconnections are 
electrically connected to the embedded interconnections 
(lower-layer interconnections) in good condition. 

(Third Embodiment) 

A semiconductor device according to a third embodiment 
of the present invention includes lower-layer interconnections 
which are formed on a semiconductor substrate with an insulating 
film interposed therebetween. Surfaces of lower-layer 
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interconnections are partially exposed. A protective film is 
formed on a surface of the insulating film including exposed 
portions of the interconnections. A first porous film, a. first 
non-porous film, a second porous film, and further a second 
non-porous film if needed, are stacked on a surface of the 
protective film in this order, thus constituting a 
multilayer-structured film. 

The first non-porous film is a multilayer film including 
at least two layers. Any one of the two layers is made of a 
material which has a high etching selectivity ratio relative 
to the protective film. A lower layer of the two layers located 
at a first porous film side is made of a material which has a 
high etching selectivity ratio relative to an upper layer 
located at a second porous film side. The upper layer is made 
of a material which has a high etching selectivity ratio 
relative to the second porous film. 

Upper-layer interconnections of dual damascene 
structures are formed in the mul t i 1 ay er - s t rue t ur ed film and the 
protective film, and include via plug parts and interconnect 
parts. The via plug parts are formed within via holes in the 
protective film and the first porous film with a boundary of 
the first non-porous film, and connected to the lower-layer 
interconnections. The interconnect parts are formed within 
interconnect trenches in the second porous film and the second 
non-porous film with the boundary of the first non-porous film, 
and connected to the via plug parts. 
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The protective film, the first and second porous films, 
and the second non-porous film can be formed by similar methods 
to those described in the first embodiment. 

For the first non- porous film, specifically, the 
following two forms can be adopted. 

(1) A multilayer film formed by stacking an upper layer on 
a lower layer. The upper layer is made of a material which has 
a high etching selectivity ratio relative to the second porous 
film. The lower layer is made of a material which has a high 
etching selectivity ratio relative to the upper layer and the 
protective film. 

For the material which has a high etching selectivity 
ratio relative to the protective film, polyarylene ether or the 
like can be taken as an example. 

For the material which has a high etching selectivity 
ratio relative to the second porous film, SiCH, SiCN, SiCO, SiN, 
organic siloxane, inorganic siloxane, or the like can be taken 
as an example. 

(2) A multilayer film formed by stacking an upper layer on 
a lower layer. The upper layer is made of a material which has 
a high etching selectivity ratio relative to the protective film 
and the second porous film. The lower layer is made of a 
material which has a high etching selectivity ratio relative 
to the upper layer. 

For the material which has a high etching selectivity 
ratio relative to the protective film and the second porous film, 
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polyarylene ether or the like can be taken as an example. 

For the material which has a high etching selectivity 
ratio relative to the upper layer, SiCH # SiCN, SiCO, SiN, 
organic siloxane, inorganic siloxane, or the like can be taken 
as an example. 

According to the third embodiment, the upper-layer 
interconnections of dual damascene structures are included in 
the interlayer insulating films constituted of the first and 
second porous films, which are fragile and easy to be changed 
in properties. The dual damascene structures according to the 
third embodiment are highly reliable. It is possible to provide 
a semiconductor device in which interline capacitance, which 
is attributable to the first non-porous film, is reduced. 

Although the single - layered protective film and the 
single- layered second non-porous film are used in each of the 
first to third embodiments, the protective film and the second 
non-porous film may be multilayer films with two or more layers 
of di f f eren t kinds . 

Although the first non : porous film has a two-layered 
structure in each of the first to third embodiments, the first 
non-porous film may have a multilayer structure with three or 
more layers. An increase in the number of layers of the first 
non-porous film will involve an increase in interline 
capacitance due to an increase in the thickness of the film. 
The increase in the number of layers of the first non-porous 
film will involve an increase in the number of process steps 
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in forming the film and in processing the shapes of the 
upper-layer interconnections. The increase in the number of 
layers of the first non-porous film will involve a complication 
of control on interfaces between each layer. Accordingly, it 
is preferable that the number of layers of the first non-porous 
film will be smaller. 

Other embodiments of the present invention will be 
apparent to those skilled in the art from consideration of the 
specification and practice of the invention disclosed herein. 
It is intended that the specification and example embodiments 
be considered as exemplary only, with a true scope and spirit 
of the invention being indicated by the following. 
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